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OvaryPolarized oogenic cysts are clonal syncytia of germ cells in which some of the sister cells (cystocytes)
differentiate not as oocytes, but instead as nurse cells: polyploid cells that support oocyte development. The
intricate machinery required to establish and maintain divergent cell fates within a syncytium, and the
importance of associated oocyte patterning for subsequent embryonic development, have made polarized
cysts valuable subjects of study in developmental and cell biology. Nurse cell/oocyte speciﬁcation is best
understood in insects, particularly Drosophila melanogaster. However, polarized cysts have evolved
independently in several other animal phyla. We describe the differentiation of female cystocytes in an
annelid worm, the polychaete Ophryotrocha labronica. These worms are remarkable for their elegantly simple
cysts, which comprise a single oocyte and nurse cell, making them an appealing complement to insects as
subjects of study. To elucidate the process of cystocyte differentiation in O. labronica, we have constructed
digital 3D models from electron micrographs of serially sectioned ovarian tissue. These models show that 2-
cell cysts arise by fragmentation of larger “parental” cysts, rather than as independent units. The parental cysts
vary in size and organization, are produced by asynchronous, indeterminate mitotic divisions of progenitor
cystoblasts, and lack fusome-like organizing organelles. All of these characteristics represent key cytological
differences from “typical” cyst development in insects like D. melanogaster. In light of such differences and the
plasticity of female cyst structure among other animals, we suggest that it is time to reassess common views
on the conservation of oogenic cysts and the importance of cysts in animal oogenesis generally.Sciences, Canadian Mennonite
a, R3P 2N2. Fax: +1 204 487
r), ehuebnr@cc.umanitoba.ca
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
The formation of syncytial germ-cell “cysts” is characteristic of the
early stages of oogenesis in many animal taxa. Oogenic cysts are
commonly produced by the mitosis and incomplete cytokinesis of
single progenitor cystoblasts; thus, the individual cellular compart-
ments of the cyst are clonal, and interconnected by cytoplasmic
bridges known as ring canals (Matova and Cooley, 2001). This process
has been documented in most phyla of bilaterally symmetrical
animals, strongly suggesting that cyst formation is an ancestral
characteristic of bilaterians (Pepling et al., 1999).
The evolutionary conservation of a syncytial stage in oogenesis
implies that the formation of cysts is a critical aspect of oocyte
development (Matova and Cooley, 2001; Pepling et al., 1999).
However, the presence, architecture, and development of oogenic
cysts are quite variable among different animal taxa. In some groups,
including entire major phyla, cysts have not been observed, and eachoocyte develops without cytoplasmic connection to other germ cells
(Boyer, 1972; Büning, 1993; Frick et al., 1996; Hill, 1977). Many other
animals have evolved cysts in which cystocytes differentiate to
perform speciﬁc roles. In such cysts, only some cystocytes persist as
oocytes, while the remainder differentiate as nurse cells. These nurse
cells persist through much of oogenesis, supporting oocyte growth
and development by synthesizing and transporting various organelles
and macromolecules through the cytoplasmic bridges or ring canals
(Huebner and Anderson, 1976; Telfer, 1975). Cysts of this type are
therefore described as being “polarized,” reﬂecting the directional
transport of materials within them.
Polarized (“meroistic”) cysts have been most thoroughly studied
in insects, particularly in Drosophila melanogaster. In this ﬂy,
progenitor cystoblasts undergo a series of four synchronous, incom-
plete mitotic divisions, to form 16-cell cysts whose compartments are
interconnected in a deﬁned way: two cells with four ring canals, two
with three ring canals, four with two ring canals, and eight with a
single ring canal (Koch and King, 1966). Of these 16 compartments,
only one will become an oocyte — always one of the two cells with
four ring canals. The remaining 15 cystocytes differentiate as highly
polyploid nurse cells (Huynh and St Johnston, 2004). This determi-
nate, stereotypical pattern of cystocyte fate speciﬁcation in D.
melanogaster (and certain other insects) is regulated in early stages
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canals in the cyst, and integrates the individual cystocyte compart-
ments into a coordinated unit (Deng and Lin, 1997; Lighthouse et al.,
2008; Snapp et al., 2004). Whether or not this well-studied pattern of
cyst formation is unique to insects, or common to most animals with
polarized cysts, is not known.
Polarized cysts have been reported in various animal phyla (Fig. 1)
including annelids (Eckelbarger, 2006), cheilostome bryozoans
(Dyrynda and King, 1983; Ostrovsky, 1998), tardigrades (Poprawa,
2005; Suzuki, 2006), and appendicularian urochordates (Ganot et al.,
2007). Among annelids, the phylogenetic distribution of species in
which nurse cells have been documented is patchy. Though polarized
cysts are the norm in leeches (Hirudinea) (Spalek-Wolczynska et al.,
2008; Swiatek, 2005; Swiatek et al., 2009), they are rare in
oligochaetes (Jamieson and Ferraguti, 2006; Siekierska, 2003) and
mostly restricted to a few species of the order Eunicida among
polychaetes (Eckelbarger, 2006). This distribution suggests that cyst
polarity in annelids is an evolutionary novelty that has arisen
independently in several lineages (Eckelbarger, 2006).
Unfortunately, very little information on the process of cystogenesis
and cystocyte fate speciﬁcation is available for organisms other than
insects. This void hampers our ability to determine which aspects of
polarized cysts are truly evolutionarily conserved, which are the results
of convergence, and which are examples of evolutionary parallelism.
To begin to answer these questions, we have investigated the
process of cystogenesis in female polychaete worms of the species
Ophyrotrocha labronica (Annelida: Eunicida: Dorvilleidae). Species of
this genus are remarkable for the elegant simplicity of their cysts,
which are two-cell structures comprising one oocyte and one nurse
cell (Emanuelsson, 1969; Parenti, 1962; Ruthmann, 1964). These
syncytia form in segmental ovaries, and are then released as 2-cell
units into the coelomwhere they complete their development, free of
enveloping somatic follicular tissue (Brubacher and Huebner, 2009;
Pfannenstiel and Grünig, 1982b).
As in the germarial phase of cyst development in ﬂies, cystocyte
fate in O. labronica is speciﬁed during the intraovarian phase of
oogenesis (Brubacher and Huebner, 2009). While cysts of Ophryo-
trocha are perhaps the best-characterized polarized cysts of all
annelids, most studies have focused primarily on coelomic stages of
development (Brubacher and Huebner, 2009; Emanuelsson, 1969;
Pfannenstiel and Grünig, 1982b; Ruthmann, 1964). Aside from one
study of early oogenesis in Ophryotrocha puerilis (Pfannenstiel and
Grünig, 1982a), there have been no studies of cystogenesis in this
genus using modern techniques.Fig. 1. Phylogeny of selected bilaterian phyla. Underlined phyla are those in which
polarized oogenic cysts have been described in at least one species. (Phylogeny based
on Hausdorf et al., 2007; Struck and Fisse, 2008).Here, we report that despite superﬁcial similarities to Drosophila,
cyst formation and the speciﬁcation of oocyte fate in O. labronica are
different from the ﬂy in a number of ways. Although, as in the ﬂy, the
developmental fate of cystocytes in O. labronica is inﬂuenced by their
position within the cyst, the cysts lack a coordinating organelle like
the fusome. Rather, the growth of the cysts themselves is asynchro-
nous and indeterminate, which implies that the mechanism of
cystocyte differentiation includes a stochastic component. The
distinct mechanisms of cystocyte differentiation between O. labronica
and meroistic insects highlight the evolutionary plasticity of oogenic
cysts, providing further support for independent evolutionary origins
of cyst polarity. This underscores that the well-described process of
cystogenesis in D. melanogaster is not universal for all animal taxa, and
raises questions about the functional importance and evolutionary
origins of oogenic cysts more generally, which we discuss.
Materials and methods
Worm culture
Ophryotrocha labronica subsp. labronica (Paxton and Åkesson,
2007) were maintained at room temperature in glass dishes contain-
ing artiﬁcial seawater (salinity 32.5‰, speciﬁc gravity 1.019). Each
week, worms were fed chopped spinach, and half of the seawater in
each bowl was replaced.
Light-microscopic histology
Female worms were anesthetized for 10 min in a 1:1 mixture of
seawater and 370 mM MgCl2, then cut transversely into 2 or 3 pieces
to facilitate penetration of fixatives. Primary fixation of worm
fragments was done for 2–6 h at room temperature, then overnight
at 4 °C in 0.1 M sodium cacodylate, pH 7.2 (BDH, Toronto, ON)
containing 3% (w/v) glutaraldehyde (EMS, Fort Washington, VA) 0.5%
(w/v) paraformaldehyde (BDH), and 7% (w/v) sucrose. Following
primary fixation, specimens were washed several times in cacodylate
buffer (0.1 M, pH 7.2), then secondarily fixed on ice for 90 min in 1%
(w/v) osmium tetroxide (EMS) in the same buffer. After secondary
fixation, specimens were washed several times in cacodylate buffer.
Specimens were dehydrated rapidly through 70%, 80% and 95%
ethanol at −20 °C, then transferred into −20 °C absolute ethanol,
warmed to room temperature, and incubated 4×30 min in fresh
changes of absolute ethanol at room temperature. Anhydrous acetone
was used as a transition agent, first in a 1:1 mixture with ethanol
(15 min, room temperature), then at 100% for 2×15 min. Samples
were infiltrated overnight at room temperature in a 1:1 mixture of
acetone and epoxy resin (4:5:12 mixture by volume of Araldite 502,
EMbed 812, and dodecenyl succinic anhydride, plus 2.5% v/v
benzyldimethylamine, all from EMS), and then a further 4–6 h in
100% resin mixture at room temperature. Blocks were embedded and
polymerized in flat silicone molds at 60 °C for 48–72 h.
Thick (1 μm) sections were cut on a Sorvall Porter-Blum MT-2B
ultramicrotome. Thick sections were heat-fixed onto slides, stained
with 1% (w/v) toluidine blue O (Fisher, Winnipeg, MB) in 1% (w/v)
borax (Kodak, Rochester, NY), and mounted with Permount (Fisher).
Sections were observed and photographed using an AxioImager Z.1
microscope equipped with an AxioCam MRm camera and AxioVision
4.6 software (Carl Zeiss, Toronto, ON). Color RGB images were
produced by merging grayscale images of sections illuminated with
red, green and blue light.
Immunoﬂuorescence
Isolated coelomic cysts were obtained by opening the body cavity of
anesthetized female worms with 0.1 mm minuten pins mounted on
applicator sticks. Cysts were then adhered to poly-L-lysine-coated
98 J.L. Brubacher, E. Huebner / Developmental Biology 357 (2011) 96–107coverslips subsequent to ﬁxation. Primary antibodies used in this study
were mouse anti-phosphotyrosine (Clone 4G10, Upstate Biotechnol-
ogies, Lake Placid, NY, Cat.# 05-321), rabbit anti-Drosophila Vasa
(Thomson and Lasko, 2004; a gift of Dr. Paul Lasko, McGill University)
and anti-histone H3 (phosphoserine 10) (Abcam, Cambridge, UK, Cat
#14955).
Specimens stained for phosphotyrosine were fixed in seawater
containing 4% paraformaldehyde (EMS) for 20 min at room tempera-
ture, washed with Tris-buffered saline (TBS: 150 mMNaCl, 50 mMTris,
pH 7.5) and blocked 1 h at room temperature in TBS+0.1% (v/v)
Tween-20, 1% (w/v) bovine serum albumin, and 1% (w/v) vitamin-free
casein (MP Biomedicals, Aurora, OH). Cystswere incubated overnight at
4 °Cwith primary antibodydiluted 1:200 (5 μg/ml) in blocking solution.
After treatmentwith theprimary antibody, cystswerewashed3×1 min
and 3×30 min in blocking solution, then incubated overnight at 4 °C
with Alexa 488-conjugated goat-anti-mouse IgG (Molecular Probes,
Eugene, OR, Cat #A-11029). We washed the stained specimens
3×1 min and 2×30 min in TBS+0.1% (v/v) Tween-20, then 30 min in
TBS alone. The ﬁrst 30-minute wash also contained 0.5 μg/ml Hoechst
33342 (Molecular Probes) to counterstain nuclei. Coverslips were
mounted in 90% glycerol:10% TBS containing 3% (w/v) N-propyl gallate,
after transitioning through 50% and 70% glycerol in TBS.
For immunoﬂuorescent staining of Vasa and histone H3 (phos-
phoserine 10), whole worms were fixed in methacarn (60% v/v
methanol, 30% v/v chloroform, 10% v/v glacial acetic acid) for 15 min,
washed thoroughly in 100%methanol, and brought into TBS through a
graded series of methanol/TBS solutions. In some cases, worm heads
or tails were amputated to facilitate penetration of antibodies. Anti-
Vasa was diluted 1:2500 and anti-histone H3 (phosphoserine 10)
1:400 (2.5 μg/ml) in blocking solution. Normal rabbit serum and
mouse IgGwere used as negative controls, at the same dilutions as the
corresponding antibodies. Secondary antibodies were Alexa
488·goat-anti-mouse IgG (Molecular Probes A-11029) and Alexa
568·goat-anti-rabbit IgG (Molecular Probes A-11011) each diluted
1:400 (2.5 μg/ml) in blocking solution. All blocking, incubation and
washing steps were as described above for anti-phosphotyrosine
staining, except that secondary antibodies were applied for 4 h at
room temperature, and 5 μM DRAQ5 (Biostatus, Leicestershire, UK)
was used in place of Hoechst 33342 as a nuclear ⋅counterstain.
We observed and imaged slides with the Zeiss system described
above, using structured illumination generated by an ApoTome slider
(Zeiss) to obtain optical sections. Specimens were illuminated using
an X-cite 120 lamp (EXFO, Mississauga, ON). To ensure accurate co-
localization of signals in multicolor fluorescence images, particularly
in the Z-axis, 0.5 μmTetraSpecksmicrobeads (Molecular Probes)were
used to assess the shifting of different emission wavelengths in the
optical system, and channels were shifted accordingly in AxioVision.
Electron microscopy
Worms were prepared as described above for routine histology,
but between the final dehydration step in absolute ethanol and
transitioning through acetone, specimens were stained en bloc in 2%
(w/v) uranyl acetate in ethanol at 60 °C (Locke et al., 1971).
Longitudinal thin sections were cut on a Porter-Blum MT-2b
ultramicrotome with a diamond knife (Diatome, Hatfield, PA).
To determine the interconnections and topography of cells within
ovaries, we prepared two complete series of sections, covering three
ovaries. Worms used for this purpose were young (8–10 chaetiger)
females, such that ovaries would be at a stage soon after the beginning
of oogenesis, in which cysts are almost entirely intraovarian. For the
first ovary, a series of 346 gold-copper (~110 nm) sections was cut,
and mounted on fine 200-mesh hexagonal copper grids (EMS). The
second series spanned both ovaries from a single segment of a 10-
chaetiger worm. For this series, 1200 silver–gold (~80 nm) sections
were collected on formvar/carbon-coated, copper 0.4×2 mm slotgrids (Ted Pella Inc., Redding, CA) pre-treated with 0.1% (v/v) Triton
X-100 as described by Hall (1995).
Thin sections were observed on a Hitachi H-7000 electron
microscope in transmission mode at 75 kV. Sections from the first
series were photographed at 1500×, and those from the second series
at 2000×. As one of the two ovaries from the second series spanned
829 sections, we photographed every second section from this series.
Electron micrographs were exposed on Kodak 4489 film. Negatives
were processed by standard procedures, then scanned on an Epson
flatbed scanner to produce digital positive images.
Three-dimensional reconstructions
All aspects of the reconstruction process were conducted using the
IMOD software package (Kremer et al., 1996). Individual .tif files were
stacked into an .mrc file, and aligned with each other in the Midas
module of IMOD. For the first series of sections, which was mounted
on hex-mesh grids, the whole sectional area of the ovary could not be
aligned in a single file, as the areas of sections over individual mesh
holes were each slightly distorted in a non-linear fashion. Thus, we
divided each section into five overlapping regions from anterior to
posterior, and made separate alignments for each of these regions.
Such distortions were not a problem with the second series of
sections, mounted on slot grids.
In the aligned image stacks we manually traced plasma mem-
branes, nuclear margins, ring-canal rims, centrioles, and selected
muscles, producing the contours used to create surface meshes for all
these structures. In cases where it was difficult to determine which
cells were connected by a particular bridge, every section (rather than
alternating sections) of the bridge region was re-photographed at
10,000×. Models were then produced for these smaller regions of
interest, to clarify the connectivity of cystocytes.
Unless otherwise noted above, chemicals used in this study were
from Sigma (Oakville, ON, Canada).
Results
Ovaries in O. labronica
Ovaries in O. labronica are found in all mature, chaetigerous
(chaetae-bearing) segments, except the first such post-cephalic
segment, which is sterile (Fig. 2A). Immature chaetigerous segments
near the posterior growth zone at the tail of the worm also lack
ovaries. Individual segments usually bear distinct ovaries on either
side of the midline, but segments in which ovaries appear fused
bilaterally are common (Fig. 2B). Ovaries are situated in the posterior
of each segment, immediately ventral to the gut epithelium, dorsal to
the ventral nerve cord (Fig. 2B–D). While Pfannenstiel and Grünig
(1982a) described a “genital blood vessel” lying between the ventral
side of the gut and the ovaries in the congeneric species, O. puerilis, no
such structure is evident in O. labronica (see Fig. 2B, and subsequent
electron micrographs). The absence of such a structure is significant,
as blood vessels in polychaetes can play important nutritive roles in
oogenesis (Eckelbarger, 2005, 2006). It is possible that the putative
blood vessel described by Pfannenstiel and Grünig is a fixation artifact,
as several issues with fixation have been noted in their work
(Brubacher and Huebner, 2009).
Oocytes are released from ovaries to the coelom of the worm as
two-cell cysts, comprising one nurse cell and one oocyte, and lacking
surrounding somatic follicular tissue. Cystocytes within a cyst have
already differentiated into these distinct roles prior to release. In the
earliest stages of coelomic cyst development, the nurse cell is already
larger than the oocyte, and the size of its nucleus suggests
endoreplication has begun (Fig. 2E). As cysts develop in the coelom,
the oocyte grows larger than the nurse cell (Fig. 2F). In late stages of
oogenesis, as the oocyte reaches its ﬁnal diameter of 120 μm, the
Fig. 2. Ovaries in Ophryotrocha labronica. A. Ventral view of a 9-chaetiger female worm, with position of ovaries indicated schematically by red patches. Blue lines labeled “b” and “c”
illustrate the approximate regions covered by the sections shown in panels B and C. Scale bar=100 μm B. Transverse epoxy section of worm stained with toluidine blue O, showing
ovaries (ov) ventral to the gut epithelium (ge), and dorsal to the ventral nerve cord (vnc). The ovaries in this segment appear continuous across the midline of the worm. Scale
bar=20 μm. C. Longitudinal epoxy section stained with toluidine blue O, showing ovaries (ov), gut epithelium (ge), neuron cell bodies in segmental ganglia (gn), and mucus glands
(mg). Asterisks indicate the position of ciliary bands toward the posterior of each segment. Prominent muscles are indicated with arrowheads. Scale bar=50 μm. D. Enlarged view of
ovary boxed in panel C. Scale bar=20 μm. E, F. Fluorescence/DIC images of coelomic two-cell cysts. DNA stained with Hoechst 33342 (blue). E: whole cyst; F: 50 μm Vibratome
section of cyst embedded in agarose. Upper cell is the nurse cell in each case. Initially, the nurse cell is the larger of the two cystocytes (E), but eventually the oocyte exceeds it in size
(F). Scale bars: E=10 μm; F=50 μm.
99J.L. Brubacher, E. Huebner / Developmental Biology 357 (2011) 96–107nurse cell expels its cytoplasm into the oocyte, detaches, and
undergoes programmed cell death (Brubacher and Huebner, 2009).
Individual ovaries contain cystocytes in a range of stages of
differentiation
Ovaries in O. labronica are essentially clusters of germ cells
surrounded by a layer of extracellular matrix (Fig. 3A,B). This matrix
sheath is most prominent toward the anterior and medial regions of
the ovary, and becomes progressively more discontinuous laterally
and posteriorly. Germ cells within ovaries span a range of develop-
mental stages, with little evidence of synchrony in development.
Different stages of differentiation can readily be distinguished in
transmission electron micrographs. Ring canals (cytoplasmic bridges)
connecting germ cells are also clearly apparent due to the thick,
double-layered, electron-dense material lining the plasma membrane
in this region (Fig. 3F).
Young, undifferentiated cystocytes are recognizable by their small
size (~5 μm diameter), scant cytoplasm, and nuclei with abundant,
patchy heterochromatin (Fig. 3A). These undifferentiated cystocytes
are foundmostly in the antero-medial region of the ovary. The earliest
ultrastructural evidence of cystocytes' commitment to oocyte fate is
entry into meiosis. In insects such as D. melanogaster, entry of
cystocytes into early meiosis is not a reliable marker of oocyte
specification, as some nurse cells initially begin meiosis and develop
synaptonemal complexes, but subsequently abandon this pathway
and undergo endoreplication to become polyploid (Koch et al., 1967;
Schmekel et al., 1993). In O. labronica, however, entry into meiosis
appears to be a reliable marker of oocyte commitment, as meiotic cells
are only ever found at the periphery of cysts, and are never directly
connected to each other (see below).
Presumptive oocytes in early prophase are distinguishable from
their undifferentiated counterparts, in that they mostly lack hetero-
chromatin, and have begun the process of meiotic chromosome
condensation and pairing (Fig. 3B). Slightly more mature oocytes
exhibit the synaptonemal complexes typical of zygotene and
pachytene (Fig. 3C). By the end of the intraovarian phase, oocytes
have progressed through early diplotene (Fig. 3D) into a mid-diplotene stage characterized by diffuse, decondensed chromatin
(Klášterská, 1977). Vitellogenesis, marked by the appearance of yolk
granules, also begins in the late intraovarian stage (Fig. 3D).
Commitment of cystocytes to a nurse-cell fate is more difficult to
gage from cytological features, as the relevant changes are more
quantitative than qualitative. Obvious nurse cells aremuch larger than
other cystocytes, due to increases in both cytoplasmic and nuclear
volume (Fig. 3E). Their cytoplasm remains relatively homogeneous
through most of the intraovarian phase, but older intraovarian nurse
cells do begin to accumulate perinuclear nuage and small yolk
spheres.
Some intraovarian cells exhibit an irregular, multilobed nuclear
morphology. These cells appear to be bona fide germ cells, as some are
connected to normal-looking cystocytes by intracellular bridges. They
also have the scant, granular, mitochondria-rich cytoplasm charac-
teristic of other germ cells in the ovary. Interestingly, such cells are
also often found outside the ovary, along the underside of the gut near
the ventral midline (Fig. 3G). Immunoﬂuorescent staining with
antibodies to Drosophila Vasa does also label cells in these regions,
offering further evidence that these are germ cells (Fig. 3H). The
location of these cells is similar to that of putative germline stem cells
described by Tadokoro et al. (2006) in the oligochaete worm
Enchytraeus japonica, but further work will be needed to determine
their nature and role.
Cystocyte mitoses within an ovary are asynchronous
While two-cell cysts, such as those found in O. labronica, could be
produced individually by single mitoses of independent cystoblasts,
they could also arise by fragmentation of larger cysts. For example, in
the earwig Anisolabis maritima, polarized two-cell cysts are produced
through fragmentation of an 8-cell parental cyst (produced from a
progenitor cystoblast by a sequence of three synchronous mitoses)
into four 2-cell units (Yamauchi and Yoshitake, 1982). Indeed,
synchronized, oriented mitoses of cystocyte progenitors, which form
cysts with consistent numbers of cystocytes interconnected in a
stereotypical pattern, are critical to successful oogenesis and nurse-
cell/oocyte speciﬁcation in many insects (Büning, 1994; Telfer, 1975).
Fig. 3. Ultrastructure of ovaries. Panels A–G are all longitudinal sections, with anterior to the left, and dorsal up. A. Section of ovary (outlined) near midline of worm, showing
undifferentiated germ cells. Gut epithelium: ge; transverse muscle: m. Scale bar (A–E)=5 μm. B. Section showing the acellular sheath surrounding the ovary (arrows). Asterisk
indicates a presumptive oocyte in early prophase of meiosis (leptotene/zygotene). C. Pro-oocyte in pachytene. D. Pro-oocyte in early vitellogenesis, pre-diffuse diplotene. Arrowhead
indicates a yolk granule. E. Presumptive nurse cell. Small yolk granules are present (arrowheads), and nuage is evident near the nucleus (ng). Muscle–cell nucleus: mn.
F. Cytoplasmic bridge (ring canal) connecting two undifferentiated cells. The rim of the ring canal (arrows) has two electron-dense layers: a thicker outer layer and a thinner inner
layer. Note the lack of vesicular, fusome-like material. Scale bar=0.25 μm. G. Region between medial longitudinal muscles (m) just posterior to ovary near midline, showing
“polymorphonuclear” germ cell, with nucleus tinted magenta. In this plane of section the cell appears binucleate, but the two highlighted regions are lobes of a single nucleus. Cell at
left side of panel is an ovarian germ cell (ogc). Scale bar=5 μm. H. Frontal optical section of worm viewed from ventral side (anterior is toward top). Nuclei (DNA, stained with
DRAQ5) are shown in magenta, and anti-Vasa immunoreactivity in green. Ovaries are evident as clusters of Vasa-positive cells (outlined in white). Cells can be seen outside the
ovaries along the ventral midline (arrowhead) some of which stain for Vasa (circled). Some nuclei in a ganglion of the ventral nerve cord are visible on the left side of the image, as
the plane of section is slightly oblique, running ventral to dorsal from left to right (arrowhead). Scale bar=50 μm.
100 J.L. Brubacher, E. Huebner / Developmental Biology 357 (2011) 96–107Previous authors have suggested that a process similar to that
observed in A. maritima occurs in O. puerilis (Pfannenstiel and Grünig,
1982a). However, evidence to support such an assertion was lacking,
and therefore we re-examined whether mitotic synchrony exists in
O. labronica.
To assess the synchrony of cystocyte proliferation, we labeled
worms using antibodies to phosphohistone H3 (Ser10), a well
characterized marker of cells in all phases of mitosis (Hendzel et al.,
1997). Synchronization of cystocyte mitoses would manifest itself as
clusters of 2n adjacent germ cells in the same stage of mitosis. Fig. 4A
shows an example of a segment in a worm labeled in this way,
containing 2 mitotic ﬁgures — one in late prophase/early metaphase,
the other in telophase. We counted mitotic events in germ cells from
85 segments in 11 young female worms (8–11 chaetigers each). A
“mitotic event” was deﬁned as either a single cell dividing
autonomously, or a set of (apparently synchronized) adjacent cellsin the same stage of mitosis. In total, we found 93 mitotic events, of
which 87 were single mitotic figures. The remaining six events
involved two adjacent cells in apparent synchrony, but there were no
cases of more than two synchronous cells (Fig. 4B). Thus, there is little
tendency toward mitotic synchronization among cystocytes, in
contrast to cyst development in insects.
Architecture and connectivity of intraovarian cysts
One major advantage of electron microscopic observation of
cystocytes in O. labronica is that this approach permits the determina-
tion of which cystocytes are interconnected by which cytoplasmic
bridges (Fig. 3F). Although ring canals within ovaries can be labeled
immunoﬂuorescently with antibodies to phosphotyrosine (data not
shown), merely localizing bridges in this way rarely sheds light on
connectivity, as resolution of cytoplasmic features is insufﬁcient to
Fig. 4. Asynchrony of germ–cell mitoses. A. Projection of ten frontal optical sections through a segment, viewed from the ventral side (anterior is up). Ovary is highlighted with
dashed line. Wormwas immunostained for phosphohistone H3 Ser10 (cyan) and Vasa (green), and counterstained with DRAQ5 to show nuclei (magenta). Some nonspeciﬁc DRAQ5
staining is also evident (arrows). Two mitotic ﬁgures are evident: one in telophase (arrowheads), the other in late prophase/early metaphase (asterisk). Scale bar=25 μm.
B. Frequency distribution of synchronous mitotic ﬁgures. Though rare mitotic events involved two adjacent, synchronous mitoses, the great majority of mitotic events (87 of 93)
involved single cells. No mitotic events involving more than two cells were observed.
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this reason, we carefully reconstructed the 3-dimensional structure of
ovaries, and determined the interconnections between intraovarian
cystocytes, from electron micrographs of serially sectioned ovarian
tissue, using the IMOD software package (Kremer et al., 1996) (Fig. 5A).
Models were built for three ovaries from two worms (the two from the
same worm were from the same segment). We focus most of our
attention here on one of these, but the essential features hold true for all
three.
Many of the cysts within ovaries are composed of more than two
cystocytes (Fig. 5B,C, plasma membranes are meshed with a unique
color for each cyst). Thus, two-cell units presumably can originate from
these larger, “parental” cysts. Unsurprisingly, given the asynchrony of
mitoses among germ cells, growth and development of cystocytes
within a parental cyst do not appear to be synchronous (Fig. 5C, circle
diameters are proportional to cystocyte volume). Also consistent with
asynchronous mitoses is the fact that cysts do not contain regular
increments of 2n cells. Although two- and four-cell cysts are common,
we also found cysts with 3, 6, 9, 10 and 11 cells (Fig. 5). As we noted
above, undifferentiated cells are most abundant in the anteromedial
region of the ovary (Fig. 5C–E, undifferentiated cells). Cells grow and
become progressively more differentiated toward the lateral and
posterior margins of the ovary.
In the most medial zone of the ovaries, immediately around the
midline, a few single germ cells can also be found, usually with the
polymorphonuclear morphology described above (data not shown).
The region between the paired ovaries shown in Fig. 5C and D
contained two such cells. Presumably, this population of single cells
includes cystoblasts, stem cells, or both. More detailed kinetic studies
are required, however, to conﬁrm the existence and describe the
behavior of germline stem cells in O. labronica.
Cyst architecture (the branching patterns of cytoplasmic bridges and
relative positions of nurse cells and oocytes within a cyst) provides
important information about the process by which cystocyte identity is
specified. We observed no consistent pattern of branching within
parental cysts. Some were linear, while others had more complex
arrangements. One rule that always held, however, was that signs of
entry into themeiotic cell cyclewereonly found in cystocytes connected
to the parental cyst by a single bridge. These cystocytes are presumptive
oocytes. While presumptive nurse cells are difficult to distinguish from
undifferentiated cystocytes, cells with nurse-cell-like features were
almost always connected to presumptive oocytes, with only oneexception (Fig. 5D). Additionally, we note that no cystocytewas directly
connected to more than one presumptive oocyte.
The stars in Fig. 5C indicate the position of centrioles relative to ring
canals in each cystocyte. Because this model was constructed from
electron micrographs of alternating thin sections, a given centriole may
be present in only one or two planes of the model, and thus centrioles
were not always easily identified in all cystocytes. Structures that could
be clearly identified as centrioles are indicatedby solid black stars,while
those whose identity was more ambiguous (though still reasonably
certain) are denoted by white-filled stars. There is no evidence to
suggest that centrioles migrate from nurse cells to oocytes, as they do
during oocyte specification in Drosophila (Mahowald and Strassheim,
1970). Rather, centrioles persist in nurse cells for at least the duration of
the intraovarian phase, and their distribution does not appear to follow
any particular pattern or progression.Cystocyte fate is unrelated to anatomical association with somatic tissue
Somatic tissues of gonads and surrounding organs often play a key
role in regulating the growth and differentiation of germ cells (Byrd
and Kimble, 2009; Payne et al., 2010; Spradling et al., 2008). As such,
signals from adjacent somatic cells could regulate the differentiation
of cystocytes in O. labronica. Thus, we undertook to describe the
tissues that surround ovaries in this species. Generally speaking,
ovaries are situated between the gut on their dorsal side, and ventral
nerve cord on their ventral side, but they are most intimately
associated with muscles. In particular, a band of muscle defines the
anterio-medial face of the ovary (Fig. 6A), while various longitudinal,
transverse and diagonal muscle fibers contact its dorsal and ventral
surfaces (Fig. 6B, see also Fig. 3A,B,D,E,G).
Aside from muscle, a number of highly flattened cells with scant,
electron-dense cytoplasm are found extending broad projections over
the surface of the ovary (Fig. 6C,D). These cells do not cover the entire
surface, but are fairly common, particularly over the dorsal side. They
seem to be separated from direct physical contact with ovarian germ
cells by the ovarianmatrix sheath, and their projections do not extend
between germ cells.
Fig. 6E is a stereo image of the nuclei of presumptive oocytes, nurse
cells, and undifferentiated cells of the ovary shown in Fig. 5A–C,
showing the overall distribution of the various cell types within. Apart
from the general progression of development from medial to lateral
Fig. 5. Three dimensional reconstruction of ovaries. A. Illustration of model construction in IMOD software. Features of interest are outlined on serial electron micrographs (nuclei in
white, plasma membranes in color). For simplicity, only every ﬁfth section of the model is shown here. B. Completed reconstruction of an ovary. Colored mesh shows plasma
membranes, such that cystocytes in the same parental cyst are meshed with the same color. Nuclei are modeled with solid white skins. Scale bar=10 μm. C. Same model as in
(B) exploded to show all cysts. The color used to model nuclei indicates the differentiated identity of each cystocyte, as denoted in the legend. Each cyst is also illustrated
schematically to show the interconnections and relative sizes of the cystocytes, whose differentiation state is indicated by color, as above. Cytoplasmic bridges connecting cells are
shown by straight black lines. The diameter of each cell is proportional to the volume of the cystocyte diagrammed. Positions of centrosomes relative to bridges are indicated by stars;
white-ﬁlled stars indicate a centrosome identiﬁed with less conﬁdence than those indicated by black stars (see text for more information). Note that centrosome location is only
shown relative to the ring canals of the cystocyte in question, within the constraints of a two-dimensional representation, and does not indicate position relative to other cystocytes.
D, E. Schematic diagrams of cysts in two other ovaries, as in C, but without indication of relative cell size. Diagrams are oriented such that anterior is roughly toward the left, and the
midline is toward the bottom. Panel D shows the paired ovary from the same segment as the ovary illustrated in panel C. Note that the top-most cyst shown in panel D includes a
nurse-like cell that is unconnected to a presumptive oocyte. The ovary in panel E is from a different worm. In panel E, the question mark indicates that some cystocytes may be
missing from this reconstruction, as the series of sections used in reconstruction did not extend completely to the lateral margin of the ovary.
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quite evenly along the anterior–posterior and dorsal–ventral axes.
Fragmentation of parental cysts
To produce two-cell cysts, cytoplasmic connections between
presumptive nurse cells in parental cysts must be broken. Our
observations suggest that this fragmentation occurs through engulf-
ment of such ring canals by one of the two cells that share them. Two
lines of evidence support this conclusion. First, 3D reconstructionsappear to show certain ring canals in the process of being engulfed
(Fig. 7A–C). Note that thewarped, baseball-seam shape of the ring canal
shown in Fig. 7 is not unique to bridges in the process of fragmentation,
but is found throughout the ovary. The functional signiﬁcance of this
warping, if any, is unclear.
Second, as in Drosophila (Robinson et al., 1994) the thickened rims
of ring canals in O. labronica stain prominently with antibodies to
phosphotyrosine. When we stained young coelomic cysts with anti-
phosphotyrosine, we found that a significant proportion contains a
rim-like structure in the nurse cell, near the plasma membrane
Fig. 6. Anatomical associations between germline and soma in adult females. Ovaries are closely surrounded by muscle. A. TEM of an ovary in longitudinal section, outlined in red.
Arrows indicate a prominent band of diagonal muscle running over the anterodorsal aspect of the ovary. Scale bar=10 μm. B. Three-dimensional reconstruction of ovary from Fig. 5C
showing surrounding muscles. Viewed from anterior, 45˚ above horizontal; ovary in gray, muscles in color. C,D. A population of ﬂattened cells with electron-dense cytoplasm
contacts the surface of the ovary. Insets show low-magniﬁcation views of ovaries (outlined in red) for context. Scale bars=2 μm (C), 4 μm (C, inset), 5 μm (D) 10 μm (D, inset).
E. Stereo view of germ cell nuclei in ovary from (B), showing distribution of the different classes of cystocytes. Yellow: undifferentiated cell; green: presumptive oocyte; cyan:
presumptive nurse cell.
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structures as remnants of ring canals engulfed during the release of
two-cell cysts from parental cysts.
Discussion
Cyst architecture and growth: differences between insects and
O. labronica
During oogenesis, worms of the genus Ophryotrocha produce
clonal syncytia (cysts) that include both polyploid nurse cells and
presumptive oocytes (Emanuelsson, 1969; Parenti, 1962; Pfannenstiel
and Grünig, 1982a; Ruthmann, 1964). “Polarized”, or “meroistic” cysts
such as these are common in insects, and have been well-studied in
the fruit fly,D. melanogaster. Similarities between the cysts of flies and
vertebrates have led some authors to suggest that oogenic cysts are
extremely well conserved among animals, sharing the same basic
fundamental design (Kloc et al., 2004). As such, a brief review of cyst
development in ﬂies and similar insects provides useful context for
interpreting the significance of our findings.
In insects with polytrophic, meroistic ovarioles (e.g., D. melanogaster)
cystocytes' fate is tied to their position within the cyst (Štys and Bilinski,
1990). For example, as outlined above, the oogenic cysts of flies develop
via synchronous, oriented mitotic divisions to form 16-cell units whose
cystocytes are interconnected by an invariant pattern of cytoplasmic
bridges. Oocyte differentiation in Drosophila is coincident with the
gradual localization of oocyte-speciﬁc factors (e.g., Orb, Egl, and Bic-D
proteins, and oskar mRNA) to one of the two central cystocytes in the
hierarchy: those connected to the rest of the cyst by four cytoplasmic
bridges (Navarro et al., 2001). Mutations in genes encoding oocyte
determinants, or the proteins involved in their transport, manifest
themselves phenotypically as cysts inwhich all cystocytes become nursecells, either directly or after failure to maintain an initial oocyte-like
identity. This suggests that in flies, thedefault for cystocytes is anurse cell
fate; the oocyte's identity must be actively specified and maintained
(Huynh and St Johnston, 2004; Navarro et al., 2001).
Each oogenic cyst in a fly functions as an integrated whole with
respect to the transport of factors associated with oocyte differenti-
ation. Initially, transport is coordinated by the fusome, a complex
membranous organelle that extends between all ring canals in the
early Drosophila cyst (Bolivar et al., 2001; Cox and Spradling, 2003;
Grieder et al., 2000; Lighthouse et al., 2008; Snapp et al., 2004; Telfer,
1975). Later transport involves dynein-mediated movement of
materials on a polarized microtubule cytoskeleton, the formation of
which is controlled by the fusome (Bolivar et al., 2001; Grieder et al.,
2000; Röper and Brown, 2004; Simonova and Vorontsova, 2008;
Theurkauf et al., 1993). Fusomes are found in all insects withmeroistic
oogenic cysts (Büning, 1994), and thus are likely to coordinate cyst
development in insects other than flies.
Pfannenstiel and Grünig (1982a) have suggested that cysts in
O. puerilis – a close relative of O. labronica – develop in much the same
way as in Drosophila spp. They proposed that in Ophryotrocha, 16-cell
cysts form by four synchronous, oriented mitotic divisions of a
cystoblast and its progeny. According to their model, the parental
cysts subsequently fragment into eight 2-cell units, such that the cells
attached to the original parental cyst by a single bridge become
oocytes (Pfannenstiel and Grünig, 1982a). Fragmentation of parental
cysts into 2-cell nurse cell/oocyte complexes units has also been
described in the earwig A. maritima (Yamauchi and Yoshitake, 1982);
thus, fragmentation of parental cysts would not be unique to these
polychaetes. However, Pfannenstiel and Grünig did not present the
three-dimensional or kinetic data necessary to demonstrate that cyst
development in O. puerilis is broadly similar to the corresponding
process in insects.
Fig. 7. Fragmentation of parental cysts. A. Ring canal connecting the largest nurse cell from Fig. 5C with the isolated undifferentiated cell to which it is attached. Two lobes of the ring
canal rim are visible in this section. An adherens junction is present near the bridge (arrow). Scale bar=1 μm. B. Same image, with plasma membranes traced. C. Stereo image of the
ring canal region from A,B. Rim of the bridge is shown in dark blue, one cell's plasma membrane is modeled with magenta contours, the other with a translucent green mesh. Colors
are those of the tracing in panel B. Note that the border between these colors is artiﬁcial, as the two cells share a continuous plasma membrane. Although in reality the “boundary”
between the two cystocytes follows the middle of the rim, the membrane immediately around the bridge's rim is arbitrarily assigned to the green cell to simplify the model. The left-
hand cell appears to be engulﬁng the ring canal, which remains connected to the right-hand cell only by a narrow extension. D. Young coelomic cyst, immunostained for
phosphotyrosine (magenta) to highlight the ring canal, and counterstained with Hoechst 33342 to show cystocyte nuclei (green). Projection of eighty 0.24 μm ﬂuorescent optical
sections overlaid on a DIC image of a medial plane. Oocyte is upper, nurse cell lower. A structure similar to a ring canal rim is prominent in the nurse cell (arrowhead), opposite to the
actual bridge connecting the cystocytes. We interpret this structure to be a relict bridge, engulfed by this nurse cell during its separation from a parental cyst. Scale bar=20 μm.
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oocytes in O. labronicawere invariably connected to parental cysts by
a single bridge (Fig. 5), we otherwise found the nature of the parental
cysts to be markedly different from the fly-like pattern described by
these authors. Importantly, the incomplete mitotic divisions that
generate parental cysts are asynchronous, indeterminate in number,
and not consistently oriented, resulting in variable patterns of
branching (Figs. 4 and 5). Early studies of other species in the genus
Ophryotrocha also suggest that Pfannenstiel and Grünig's description
of cyst formation in O. puerilis is anomalous. For example, in
O. hartmanni, 2-cell cysts appear to be produced in a series within
an ovary; whether or not the 2-cell units are interconnected or
produced individually is not known (Parenti, 1962). In O. gracilis, only
a single oocyte is produced per segment in a given reproductive cycle
(Åkesson, 1975) — a phenomenon that is difﬁcult to reconcile with a
model featuring synchronous production of several 2-cell cysts.
It is noteworthy that in O. labronica, the arrangement of cystocytes
in parental cysts is reversed from Drosophila, in that nurse cells have
multiple ring canals, and oocytes connect to the parental cyst via a
single canal. As such, it may appear that oocyte specification would
follow a similar process to that of flies, but with transport of oocyte
determinants toward the periphery of the parental cysts rather than
the center. However, outward transport would be complicated by the
irregularly branching parental cysts typical of O. labronica, as ongoingmitotic divisions would essentially shift the destinations for the
materials being transported (Fig. 5C–E). Given the asynchronous,
irregular growth pattern of these cysts, any cyst-wide transport
network would need to be more dynamic and adaptable than those
typical of insect cysts. A few lines of evidence suggest that transport of
oocyte determinants in these worms is dissimilar to that in flies, if
indeed such determinants exist in this species.
First, we found no sign of a fusome-like structure associated with
ring canals in O. labronica, even in very early stages analogous to those
occurring in the germarium of fruit flies (e.g., Fig. 3F). This absence
corresponds with a recent study of early cyst development in six
species of clitellate annelids, in which no fusomes were observed
(Swiatek et al., 2009). The lack of fusomes in O. labronica (and other
annelids) is perhaps not surprising. While in Drosophila, the fusome is
required to coordinate and synchronize the cyst as a unified whole,
there would be less need for such a coordinating structure in
O. labronica. Furthermore, in insects, the fusome extends through all
bridges as a single structure whose continuity is facilitated by the
clustering of bridges to make a “rosette” structure (Büning, 1993). In
O. labronica, however, bridges do not cluster. Thus, a single,
continuous fusome would necessarily be large and intrusive. Finally,
among insects, fusomes appear to be a derived trait of pterygotes —
they are not found in the oogenic cysts of more basal apterygotes
(Büning, 1994; Štys and Bilinski, 1990). Thus, the presence of fusomes
Table 1
Comparison of cyst formation and cystocyte differentiation in D. melanogaster and O.
labronica.
Trait/process Drosophila melanogaster Ophryotrocha labronica
Cyst-producing
mitotic divisions
Synchronous Asynchronous
Cyst geometry Invariant, determined
by fusome-anchored
orientation of
mitotic spindles
Variable size and
branching pattern
Fusome Present; plays crucial
regulatory role
Absent
Oocyte
speciﬁcation
Determined by position in
hierarchy (one of the two
most-connected cystocytes)
associated with directional
transport of oocyte-
associated factors
Position in hierarchy
constrains the developmental
potential of cystocytes (only
peripheral cystocytes become
oocytes); oocyte speciﬁcation
is partly stochastic; directional
transport of oocyte
determinants is unlikely to
greatly affect fate decision
Unity of cysts Cysts function as uniﬁed
structures, each supporting
a single oocyte
Parental cysts fragment into
independent 2-cell units, each
maturing independently
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of evolutionary convergence, rather than conservation.
Second, it should benoted that inDrosophila cysts, the establishment
of a polarized microtubule cytoskeleton involves the inactivation of
nurse-cell centrioles, and their migration along the fusome into the
presumptive oocyte (Bolivar et al., 2001; Mahowald and Strassheim,
1970). In O. labronica, however, centrioles persist in developing nurse
cells (Fig. 5C). This is not to suggest thatmicrotubule arrays do not exist
in the worms' parental cysts; however, such networks as may exist
would include active centrioles (potential microtubule-organizing
centers) in every cell, rather than only in presumptive oocytes, which
could limit the utility of such networks in the coordinated transport of
determinants to particular cystocytes. Overall, it seems that different
regions of parental cysts inO. labronicabehave semi-autonomouslywith
respect to fate specification, with less overall integration than in a
typical polytrophic meroistic cyst of insects.
Speciﬁcation of cystocyte fate
Inductive specification of cystocyte fate is unlikely
While additional work will be required to elucidate the molecular
mechanisms by which oocyte and nurse-cell identity is speciﬁed in
O. labronica, it is possible to draw some conclusions from our
observations. Generally speaking, the differentiation of cystocytes
could be determined in various ways: by inductive signals from
surrounding tissue; by the position of cystocytes within the hierarchy
of cells in a larger parental cyst; or by stochastic events, followed by
interactions between cystocytes to ensure each commits to a different
fate. With respect to the first possibility, if an inductive signaling
mechanism were operative (i.e., if differentiation is mediated by a
concentration gradient of a particular signal or by direct contact
between particular cystocytes and surrounding tissue) then one
would expect to find intraovarian nurse cells or oocytes consistently
in a certain location, or proximal to a particular somatic tissue. For
example, in an early study of oogenesis in Ophryotrocha, Braem
proposed that the germ cells nearest to the periphery of the ovaries
become nurse cells, as these cells' access to nutrient-rich coelomic
fluid would support their role as nutritive cells (Braem, 1893).
We found no evidence for inductive specification of cystocyte fate in
O. labronica. Intraovarian oocytes and nurse cells do not exhibit
consistent locations or orientations along an axis or with respect to
surrounding tissues (Fig. 6E). The seemingly random distribution of
nurse cells andoocyteswithin theovary is not consistentwitha gradient
of a signaling molecule secreted by extraovarian tissues; furthermore,
close contact betweengermcells and somatic cells appears to occur only
on the surface of ovaries (Fig. 6A,C,D). It is therefore unlikely that the
observed distribution of cystocyte types in the ovary could be the result
of inductive contacts between certain cystocytes and somatic cells.
Instead, both the position of cystocytes in a parental cyst and stochastic
factors appear to be involved, which contrasts with the mechanism by
which fate is speciﬁed in meroistic insects.
Positional and stochastic influences on cystocyte differentiation
The fact that presumptive oocytes are always peripheral cells in
parental cysts suggests that the position of a cystocyte constrains its
differentiation. However, the variable size and geometry of the cysts
imply that cystocytes' fates are not entirely determined by their
positions. Consider that a cystocyte may (a) divide mitotically to grow
the cyst, (b) commit to an oocyte fate and switch to the meiotic cycle,
or (c) commit to a nurse cell fate and undergo a series of endocycles to
become polyploid. Mitotic division is therefore a hallmark of an
undifferentiated cystocyte. Even in relatively large parental cysts,
some peripheral cells appear to be inmitotic cell cycles, implied by the
presence of duplicated centrioles in cells that show no evidence of
meiotic progression (Fig. 5C). Thus, while only peripheral cells
become oocytes, not all such cells are necessarily destined todifferentiate in this way. (Otherwise, of course, the cyst could not
grow.) Despite the clear influence of cystocyte position in fate
determination, the variation in geometry and size of parental cysts
suggests that the “decision” to differentiate as an oocyte is also subject
to stochastic events.
While growth and branching of parental cysts are open-ended,
commitment of a peripheral cell to the oocyte pathway must set in
motion a more deterministic series of events in nearby cystocytes.
First, the adjoining cystocyte must be instructed or permitted to
commit to a nurse cell fate, switching from the mitotic cell cycle to the
endocycle. Within a context of closely packed germ cells, the relevant
signals carrying this message are unlikely to be secreted factors, or
broadly distributed cell-surface molecules, either of which could
trigger nurse-cell differentiation in non-target cells that contact the
presumptive oocyte. The second event that must follow oocyte
commitment is the breakdown of all the other bridges in the cystocyte
connected to the presumptive oocyte. It appears that bridge
breakdown involves the endocytic internalization of the bridge by
one of the cells that share it (Fig. 7). The fact that the bridge
connecting the oocyte and its adjacent cell is spared suggests that the
various ring canals in a parental cyst must differ to some extent in
their molecular composition.
In summary, we re-emphasize that although female cysts in
O. labronica and Drosophila are both polarized and contain polyploid
nurse cells, they differ markedly in organization, and in the cytological
processes through which they develop. Table 1 summarizes and
contrasts some of the major features of cyst development and
cystocyte differentiation in these species.Diversity of oogenic cysts in annelids and other animal phyla
In most annelid species studied, oogenesis includes a cyst stage in
which germ cells are interconnected by cytoplasmic bridges. The
structureof these cysts variesmarkedly amongdifferent species. Inmost
clitellate annelids (leeches and oligochaetes) cysts consist of germ cells
connected to a cytophore: a central acellular canal of cytoplasm, similar
to the rachis found in nematode cysts (Swiatek et al., 2009). Polychaete
cysts typically lack a cytophore, and are arranged as a globular package
or string of interconnected cells (Eckelbarger, 2005). Cysts in which
some cystocytes differentiate as nurse cells are common in leeches
(Swiatek, 2008; Swiatek et al., 2009), but among polychaetes, such cysts
are largely restricted to the order Eunicida (Eckelbarger, 2005), towhich
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Capitella are non-polarized,with all cystocytes differentiating as oocytes
(Dhainaut, 1984; Eckelbarger and Grassle, 1982). In a particularly
notable case of cyst diversity among closely related species, some
worms of the genusMicromaldane (Family Maldanidae) have homoge-
neous cysts in which all cystocytes become oocytes, while cystocytes in
M. nutricula differentiate into nurse cells and oocytes (Rouse, 1992). In
light of this diversity, the patterns of cyst organization and cystocyte
differentiationwe have observed inO. labronica can hardly be viewed as
characteristic of annelids generally. Indeed, mapping the characteristics
of oogenic cysts in various annelids (Eckelbarger, 1983, 2005; Swiatek,
2008) onto current annelid phylogenies (Struck et al., 2011) suggests
that evolutionary plasticity is the rule, rather than conservation.
Diversity among oogenic cysts is also evident among insects — the
group in which cysts have been most comprehensively characterized.
This diversity is anunder-appreciated aspect of cyst evolution in insects,
as it seems that Drosophila is often assumed to be representative of the
entire clade. In fact, the ancestral type of ovary in hexapods appears to
havebeenpanoistic, inwhichcysts donot formatall, and eachprecursor
germ cell develops into an oocyte (Büning, 1993; Štys and Bilinski,
1990). Among insects with derived, meroistic ovarioles, a range of
conﬁgurations occur (Büning, 1993, 1994; Gottanka and Büning, 1993;
Heming, 2003; Štys and Bilinski, 1990).
Outside insects and annelids, oogenic cysts are widespread, but
again, vary in their organization. Cysts are usually non-polarized, i.e.,
without morphologically distinct nurse cells, as in vertebrates (Kloc
et al., 2004; Kuznicki et al., 2000; Ruby et al., 1969) and nematodes
(Gibert et al., 1984) although it is possible that certain cystocytes
within such cysts serve as “cryptic” nurse cells, contributing their
cytoplasm via apoptosis to cystocytes that will persist as oocytes
(Gumienny et al., 1999).
Reconsidering the functional significance of oogenic cysts
The widespread existence of cysts as a feature of oogenesis in the
animal kingdom, and similarities among certain taxa have led some
authors to suggest that oogenic cysts are highly conserved (Kloc et al.,
2004) and serve a common, essential function in oocyte development
(Matova and Cooley, 2001; Pepling et al., 1999). Proposed roles include
synchronization of cell cycles and oocyte development (Matova and
Cooley, 2001), selection of high-quality organelles for inclusion in
surviving oocytes (Cox and Spradling, 2003; Pepling and Spradling,
2001), and regulation of cell division to suppress uncontrolled
proliferation (Gondos, 1987). However, the evident lack of oogenic
cysts in many taxa (including major phyla, such the molluscs and
echinoderms), the diversity of cyst types, and the distinct cytological
processes by which superﬁcially similar cysts can be produced argue
against a common, necessary function for cysts in oocyte development.
The situation is markedly different in males, where cyst formation
is universal, and appears to be an essential feature of spermatogenesis
(Guo and Zheng, 2004). One explanation of the importance of cysts in
spermatogenesis is that intercellular connections may buffer stochas-
tic variation in gene expression among spermatocytes in a cyst (Guo
and Zheng, 2004; Seydoux and Braun, 2006). Similarly, Büning (1993,
1994) has suggested that the presence of cysts in female insects may
be a consequence of having to maintain cyst-forming machinery for
male gametogenesis. This hypothesis would help to explain the
evolutionary loss and re-emergence of female cysts at various points
in insect phylogeny (Heming, 2003), and presumably in animals more
generally.
Note thatwedonotmean to imply that female cysts areunimportant
in species in which they are found—though recent work with mice has
demonstrated that disruption of cysts does not affect female fertility
(Greenbaum et al., 2009). However, the variability in female cyst
architecture, and the absence of female cysts in large clades of animals,
strongly suggest that cysts are not intrinsically essential for oogenesis,and may serve different functions in different species. In contrast to
spermatogenic cysts, there must be less selective pressure to constrain
female cyst development to a particular pattern, andmore flexibility for
individual species to evolve modiﬁcations to female cyst architecture
and function that are adaptive for their particular life histories and
ecological context.
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